Results of this study demonstrate that enzymatic pretreatment of pulps enables energy savings in the refining process. Pretreatments of NBSK pulp with 3 different commercial xylanases resulted in a faster increase in the pulp freeness that reduced energy input for refining. The partial xylan removal by these enzymes affected the properties of cellulosic pulp and paper. The tensile properties of paper were improved by pretreatment with a pure xylanase while the additional activity of cellulases in the other two tested enzymes negatively influenced the tear resistance. Only the pure xylanase improved the pulp and paper properties. The results of this study provide evidence that the purity of xylanases used in papermaking is of great importance and may decide of paper quality and production costs.
Introduction
Modern technologies of paper production must ensure the high paper quality and be sustainable, costeffective and energy-efficient (Znidarsic-Plazl et al. 2009 ). Paper quality depends on the quality of cellulosic pulp and one of most important unit operations, deciding of the physical properties of paper is pulp refining. Refining modifies the surface of fibres and causes their shortening (Przybysz 1997; Biermann 1996) . Mechanical treatment increases the flexibility of fibres and fines fraction content. Because of the growing external fibrillation, the specific area of fibres is increased that in turn enhances the bonding forces between fibres. Internal fibrillation reduces the stiffness of fibres that allows to form the dense structure of paper sheet. Fibrillation and shortening of fibres caused by the action of refiners blades cause the appearance of fines. During dewatering of paper web, the fines fill spaces between the entangled fibres. In consequence, the density and smoothness of paper increase while the air permeability decreases (Przybysz 1997) . Pulp refining is the key operation in papermaking and simultaneously one of the most energy-consuming steps, consuming up to 15-18% of total electric energy used for paper production (Cui et al. 2015) . Therefore, some options that reduce the energy input were proposed, e.g., steam explosion or pulp freezing and thawing (Przybysz and Przybysz 2013) . However, none of them was implemented in industry, mainly because of high investment costs (Cui et al. 2015) . A promising, environmentally-friendly approach, enabling energy savings involves enzymes that have been increasingly applied in papermaking since 1986. Since 1995 the number of publications related to these enzymes has increased each year and over 300 papers were published in years 2006-2010. Additionally, 25 patents related to the application of enzymes in papermaking have been published each year since 2001. The enzymes that are used in papermaking, such as cellulases, lipases, xylanases and laccases, have to be sufficiently stable and active under technological conditions (elevated temperature and pH different from neutral). Usually, cellulases were used for fibres modification while xylanases were applied for pulp bleaching (Demuner et al. 2011) .
In 2000, it was found that enzyme-assisted refining may consume even twice less energy (Dickson et al. 2000) . According to Bajpai et al. (2006) , the treatment of pulp with a mixture of cellulases and hemicellulases resulted in a reduction of the energy requirement for refining of 25 kWh/ton pulp. Also the results of our previous study showed that pulp pretreatment with xylanases significantly reduced the energy consumption (Przybysz Buzała et al. 2016) . However, there must be a balance between the energy savings caused by the use of enzymes and the price of the latter to avoid an increase in the overall costs of paper production. Furthermore, the enzymes have to be active and stable at approximately 50°C for around 60 min. This time may be shorter if enzyme concentration is higher but it leads to the higher process costs. These enzymes may be easily inactivated by pH change or at elevated temperature (100°C), e.g. in the drying section of paper machine. To reduce the costs of enzymatic pretreatment, the active enzymes contained in white water from paper mill may be reused. The price of enzyme preparations depends on their purity. Purification of enzymes is usually conducted using sophisticated techniques, including liquid chromatography, and therefore pure enzymes are more expensive than crude enzyme preparations. However, pure enzymes, deprived of additional activities, outperform crude enzyme preparations that usually show many different enzymatic activities, in terms of treatment outcomes.
The objective of this work was to compare the influence of three different xylanases, characterized by different cellulolytic activity (only one of them did not exhibit this activity) on a cellulosic pulp, which was then used for paper production. The authors attempted to determine the impact of changes in cellulose and hemicelluloses contents in the pulp and dimensional characteristics of fibres, caused by enzymatic pretreatment, on the consumption of energy for pulp refining as well as pulp and paper properties.
Materials and methods

Pulp and its characterization
A bleached pine kraft pulp was kindly donated by one of Polish paper mills. Typically, this pulp is used for production of high quality graphic papers. The pulp had a form of air-dried sheets. The parameters of the unbeaten pulp were as follows:
• Dry matter content-96.16%, 
Enzymes and chemicals
The following three commercial xylanases were used for pulp pretreatment:
• All other chemicals were analytical grade and procured from either Sigma-Aldrich (USA) or POCh (Poland). Activities of cellulases and xylanases were assayed by the 3,5-dinitrosalicylic acid (DNS) method (Miller 1959 ) at pH 5.0 and 50°C for 0.5% carboxymethylcellulose (CMC) and 0.5% birch xylan, respectively (reaction time of 5 min). Activities of both the glycosidases were expressed as micromoles of reducing sugars released from the polysaccharide substrates in 1 min (U). The filter paper activity was determined at pH 5.0 and 50°C according to Adney and Baker (2008) and expressed in FPU.
Enzymatic treatments of pulps
Samples of the pulp (22.5 g dry weight) were soaked in water for 24 h before the treatment with enzymes. Then these samples were disintegrated in a laboratory propeller pulp disintegrator (type SHPD28D from Danex, Poland) according to the standard ISO 5263-1:2006. Pulp consistency was set to 2.25% (total volume of each sample was 1 dm 3 ). Then samples of pulp (pH of approximately 7) were treated with the three listed above enzyme preparations, used separately. After addition of the enzyme preparation to the pulp, the mixture was incubated in a water bath (at 50°C) with shaking (60 rpm) for 60 min. Then the enzymes were inactivated by 10 min incubation of the enzyme-treated pulp in a boiling water bath and the pulp was cooled and filtered through a mesh sieve no. 200. The filtrates were analyzed for glucose concentration using a commercial GOD-POD enzymatic analytical kit (Biomaxima, Poland), to determine the extent of enzymatic pulp degradation. Changes in the chemical composition of pulps, it means the decrease in hemicellulose contents caused by the treatment with the three mentioned above commercial xylanases were determined by means of their enzymatic hydrolysis, using the preparation NS-22086 from Novozymes A/S (Denmark) and HPLC analysis of the hydrolysates obtained (Buzała et al. 2015) . Sugar profiles of these hydrolysates were compared with the sugar profile of the hydrolysate of the reference pulp which was not treated with any of these xylanases. Mono-and disaccharide contents in the hydrolysates of the pulps were determined by HPLC using an Ultimata 3000 Dionex liquid chromatograph equipped with a Rezex RPM-Monosaccharide Pb 2? column (8 lm, 7.8 9 300 mm) and a Shodex-RI-10 refractive index detector. The temperatures of the column and the RI detector were set at 80 and 40°C, respectively. The volume of injected samples of hydrolysates, which were filtered through a nylon syringe filter (0.45 mm) before HPLC analysis, was 10 ll. The rate of flow of HPLC grade water (Sigma), which was the mobile phase, was 0.6 ml/min.
Pulp refining and freeness measurements
After inactivation of the enzymes, the pulps were refined using a PFI laboratory mill at 3.4 kG, according to the standard ISO 5264-2:2011. In preliminary tests, in which optimum doses of the three enzyme preparations were determined, the pulp samples were refined for 30 s (720 revolutions). In all other experiments, the process was accomplished when the pulp freeness value was 30°SR (its duration was measured with precision of 1 s to calculate the number of mill revolutions). Then, samples of the refined pulp were transferred from the mill to a mixer.
Pulp quality analysis
Analysis of chemical composition of untreated and enzyme pre-treated pulps included quantification of extractives, lignin, cellulose, hemicelluloses and ash. The content of lignin was determined by a gravimetric method in compliance with the TAPPI T222 standard after the removal of extractives according to the TAPPI T204 standard. The content of holocellulose was determined according to the TAPPI T249 standard. Cellulose was quantified as alpha-cellulose, according to the TAPPI T203 standard. The content of hemicelluloses was calculated as the difference between the holocellulose and cellulose contents. Ash content was determined by gravimetric method in compliance with TAPPI T211 standard. All these assays were performed in triplicate for each pulp. The refined pulp samples were placed in the mixer and the concentration of their suspensions was adjusted to 0.25%. The thoroughly mixed pulp samples were analyzed for the: freeness (according to the standard ISO 5267-1:2002), dimensional properties of fibres such as weighted average fibre length, fibre width etc. (according to standards ISO 16065:2014) using a Morfi Compact Black Edition device (Techpap, France) and WRV (ISO 23714:2014) using a MPW 352 centrifuge (MPW, Poland), and then they were used to produce handsheets of paper.
Paper production and properties
Handsheets of paper were produced with the use of a standard laboratory Rapid-Köthen class sheet former, according to the standard ISO 5269-2:2007.
The following paper properties were measured after conditioning of the handsheets in standard conditions, in compliance with ISO 187:1990 (at air relative humidity u of 50% and temperature of 23°C):
Grammage-according to ISO 536:2012, Bulk density-according to ISO 534:2012, Tensile index-according to ISO 1924 -2:2010 , Tear index-according to ISO 1974 , TEA index-according to ISO 1924 -2:2010 Only the handsheets of grammage equal to 75 ± 1 g/m 2 were used for evaluation of paper properties.
Results
Enzymatic activities
The applied enzymatic preparations showed activities of both cellulases and xylanases (Table 1) with an exception of the N. patriciarum xylanase, which degraded neither CMC nor filter paper. The xylanolytic activity of this enzyme was very high (4590 U/ ll). The T. longibrachiatum xylanase (736.8 U/g) was characterized by the high activity of cellulases (133 U/ g for CMC and 256 FPU/g). The xylanolytic activity of T. lanuginosus enzyme was very high (7460 U/g for birch xylan). This preparation exhibited also the cellulolytic activity (38 U/g, 122 FPU/g).
The results of preliminary tests that were carried out to determine the optimal doses of the enzymatic preparations are presented in Table 2 . In preliminary tests, the pulps were refined in the PFI mill for 30 s (720 revolutions). The optimum dose of each of the three enzyme preparations corresponded to the maximum tear resistance of paper produced from the enzymatically pretreated pulps.
These doses were as follows:
• N. patriciarum xylanase-0. 033 ll/1 g d.w.,
One of the products of pulp treatment by the three enzyme preparations was glucose. Its concentrations in the filtrates of enzyme-treated pulp were relatively low, of 0.010, 0.023 and 0.061 mg/ml for the N. patriciarum, T. longibrachiatum and T. lanuginosus xylanase preparation, respectively.
The impact of enzymatic pretreatment on chemical composition of the bleached cellulosic pulp
The data presented in Table 3 demonstrate that pretreatment of the bleached pine pulp with xylanases caused only slight changes in the ratio of cellulose to hemicelluloses while the contents of lignin, extractives and ash was maintained below 0.05% d.w. The content of hemicelluloses was decreased from around 3.5% d.w. in the original pulp to around 3.0, 2.0 and 2.8% d.w. after digestion with the xylanases from N. patriciarum, T. longibrachiatum and T. lanuginosus, respectively. The partial hemicellulose removal brought about a small increase (below 1% d.w.) in the cellulose content in the pulp. To elucidate which fractions of hemicelluloses were digested by the three xylanases, samples of the pretreated pulp were saccharified using the preparation NS-22086 from Novozymes A/S (Denmark), which digests cellulose and hemicelluloses as was described by Buzała et al. (2015) . The comparison of sugar profiles of enzymatic hydrolysates of the pulp samples, which were pretreated by the xylanases with the profile of hydrolysate of the reference, not pretreated pulp showed that the pretreatment caused a partial xylan removal, which was reflected by the decrease in xylose concentration in the hydrolysates (Table 4 ). The weakest impact on the xylose concentration had the treatment with N.
patriciarum xylanase (a decrease from 1.34 to 1.13% w/w) and the strongest-with the T. longibrachiatum xylanase (a decrease to 0.73% w/w). The treatment of the bleached pine pulp with the xylanases caused that also the concentration of rhamnose in the hydrolysates was slightly reduced (from 0.07% w/w to even 0.03% w/w in case of the treatment with the T. longibrachiatum xylanase) like the concentration of arabinose, which was reduced from around 2% w/w in the hydrolysate of the not pretreated pulp to around 1.25% w/w in the hydrolysate of pulp pretreated with the T. longibrachiatum xylanase. These results demonstrate that pretreatment with the latter xylanase preparation caused the most advanced degradation of hemicelluloses while the N. patriciarum xylanase had the weakest impact on these heteropolysaccharides.
The impact of enzymatic and mechanical treatments on fibre morphology
Pulp freeness is the relatively easily measurable parameter, characterizing refining level and negatively correlated with the pulp dewatering ability, which decreases with the increase in freeness. Because the yield of paper production is diminished when dewatering ability is too low, in industrial conditions freeness values should not be higher than 30°SR. Therefore, the pulps were analyzed before and after refining to 30°SR, which corresponded to the highest paper strength (Przybysz 2011) . To determine the effect of enzymatic pulp pretreatment on energy consumption for refining, each time the number of the PFI mill revolutions that were necessary to achieve the freeness of 30°SR was calculated (Table 5) . Pretreatment of pulp with the xylanases significantly reduced the number of the PFI mill revolutions that were necessary to achieve the freeness of 30°SR. The decrease in this number was the smallest (22.2%) for the N. patriciarum xylanase and the greatest (41.9%) for the T. longibrachiatum xylanase. Also the values of WRV of the enzyme-treated pulp were lower, both before and after refining. It was caused by the partial removal of hemicelluloses from the pulp.
The latter polysaccharides are more prone to swelling than cellulose. The greatest decrease in WRV, by 12.26% before refining and by 56.93% after refining, was observed after pretreatment with the T. longibrachiatum xylanase. The decrease in WRV was the lowest after pretreatment with T. lanuginosus xylanase, of 0.43 and 21.47%, respectively. The decrease in pulp yield ranged from 0.012 to 0.069 g per kilogram of pretreated pulp.
The effect of enzymatic pretreatment on the size of fibers and the content of fines was also determined. These measurements were performed by the fiber image optical analysis using a Morfi Compact Black Edition apparatus, according to ISO 18065:2014. The results are shown in Table 6 .
Pretreatments with xylanases from N. patriciarum and T. lanuginosus caused that after refining the mean weighted fibre length was decreased to 1875 and 1881 lm, respectively (the fibres were around 100 lm longer than the fibres of the reference pulp). The shortest fibres were observed after pretreatment with T. longibrachiatum xylanase (their length after refining was only 1380 lm). Enzymatic pulp pretreatment caused also changes in the diameter of fibres. The largest increase in the diameter was observed after pretreatment with the T. longibrachiatum xylanase (to nearly 32 lm), while the diameter of fibres of the reference pulp was increased by only 0.3 lm. Noteworthy, the T. lanuginosus xylanase outperformed the other two tested xylanases because it caused the smallest decrease in fibre length and the smallest rise in the fines content after pulp refining. The effect of enzyme treatments on physical properties of handsheets
The strength properties of fibers were significantly changed by the pretreatment with xylanases. The physical properties of paper handsheets were correlated with the dimensional characteristics of the fibers (Table 7 ) and the best results were observed after pulp pretreatment with T. lanuginosus xylanase, which caused a rise in tensile index and TEA index (from 22.8 before refining to 96.4 after this process, and from 0.32 to 2.29, respectively). Thus these indices increased by 18 and 17%, respectively while the tear index was reduced by 10%. Also the pretreatment of pulp with N. patriciarum xylanase positively affected paper properties (the tensile index and TEA index were 13 and 11% higher, respectively, while the tear index was not reduced). The pretreatment with T. longibrachiatum xylanase did not increase the values of tensile and TEA indices and significantly reduced the value of tear index because of the significant reduction of the length of fibres.
Discussion
Many authors have investigated the effect of cellulases on refining process as well as kraft pulp and paper properties (Cadena Eith et al. 2010; Gil et al. 2009; Lecourt et al. 2010; Singh et al. 2014 ). The results obtained by Cadena Eith et al. (2010) revealed a substantial increase in strength-related properties of paper. The recombinant endoglucanase, which contained the catalytic domain, increased the WRV and drainage resistance by 5 and 25%, respectively. Gil et al. (2009) observed that the pretreatment with cellulases caused the increase of SR and fibre hydratation of a bleached Eucalyptus globulus pulp The enzymes cleaved the polysaccharide chains on the fibre surface without liberating them from the surface. They observed that the small changes in the hemicelluloses content did not significantly affect pulp properties during refining despite the higher macrofibrillation and breaking length, and lower tear index. On the other hand, Lecourt et al. (2010) observed that fibres were more hydrated, swollen, fibrillated and cut, but the latter phenomenon negatively affected tear index. According to Singh et al. (2014) , the treatment of pulp with endoglucanase improved mechanical properties of paper sheets. We also investigated the effect of cellulases and xylanases on refining process and kraft pulp properties (Przybysz Buzała et al. 2016) . Partial cellulose degradation by the two preparations of cellulases increased the contents of fines and reduced the weighted average fiber length that caused deterioration of paper strength properties. The xylanase partially removed xylan, associated with cellulose fibers, and slightly loosened their structure and reduced the weighted average fiber length. Enzymatic pulp treatment with xylanases has been increasingly used in papermaking, mainly for pulp bleaching (Nair et al. 2010) , production of dissolving grade pulp (Ibarra et al. 2009; Hakala et al. 2013) , separation of hemicelluloses for further conversion (Huang et al. 2009) or to improve refining .
The assessment of the impact of xylanases requires characterization of both the pulp and paper properties (Cui et al. 2015) . The application of xylanases to reduce the energy input for pulp refining was reported by Chen et al. (2012) , Dickson et al. (2000) and Bhardwaj et al. (1996) . The results reported by Chen et al. (2012) who used xylanases to pretreat pulps obtained from various poplar varieties suggested that the strength paper properties that are characterized by the tear, burst and tensile indices were not changed. Bhardwaj et al. (1996) observed the increased tensile index and tear index of enzyme-treated mixed pulp (60% waste corrugated kraft cutting and 40% softwood). However, these results indicate that enzymemodified fibres show strong beatability due to the cell wall loosening action of the xylanases and the decrease in the energy demand may be gained in the paper making process. Chen et al. (2012) noticed that the length of fibres after refining was longer when the pulp was pretreated with xylanases while neither the diameter of fibres nor fines content were significantly affected. The results obtained by Chen et al. (2012) suggest that the number of PFI mill revolutions that are necessary to obtain the given value of freeness may be reduced by 5-9% when cellulosic pulp is pretreated with xylanases while the results of this work provide evidence that this number is reduced by 22.2-41.9%. Furthermore, in contrast to the results reported by Chen et al. (2012) , the results of this study demonstrate that pulp pretreatment with preparations of xylanases that are either free of cellulases or display the low cellulolytic activity enables to improve the static strength properties (tensile index) and maintain the dynamic strength properties (tear index). This finding is consistent with the results of Dickson et al. (2000) . However, pulp pretreatment with preparations of xylanases that display the relatively high cellulolytic activity negatively affected the dynamic strength properties that was correlated with a significant decrease in the mean weighted fibre length, which was greater than in the studies of Chen et al. (2012) and Saukkonen et al. (2014) , and nearly the same as reported by Derkowska (2015) and Borkowski (2015) . Also Znidarsic-Plazl et al. (2009) observed the improvement of paper strength properties while Saukkonen et al. (2014) reported only slight differences in paper properties (changes in the indices by only several %). This study showed that these differences (an increase in tensile index and a decrease in tear index) reach even 20%. Also Bhaduri et al. (1995) and Blomstedt et al. (2010) reported that pulp and paper properties were very slightly influenced by enzymatic pulp pretreatment. Interestingly, Christiemin et al. (2014) found that the addition of xyloglucan to cellulosic pulp improved the strength paper properties. This finding suggests that partial removal of hemicelluloses from pulps leads to worse paper strength properties. Also Han et al. (2012) reported that supplementation of cellulosic pulp with birch xylan improved the strength properties but the changes were only around 5-7% with an exception of the burst index which was improved by 10-12%. This study showed that the smallest decrease in the hemicellulose content (from around 3.5-3.0% d.w.) in the bleached pine pulp, which was caused by the pure xylanase from N. patriciarum, resulted in the most acceptable pulp and paper properties. Partial digestion of hemicelluloses contained in the bleached pine pulp by this enzyme caused a slight decrease in the content of xylose (by around 16% w/w), rhamnose (by around 28.5% w/w) and arabinose (by less than 12% w/w) in the pulp.
Conclusions
Pretreatment of the bleached kraft pulp with xylanases reduced the number of PFI mill revolutions that were necessary to achieve the freeness of 30°SR and significantly affected paper properties. Pretreatment with the N. patriciarum xylanase, which caused the smallest decrease in the content of hemicelluloses (by around 0.5% d.w.) in the pulp, improved the static paper strength properties by 13% while the dynamic properties were not significantly changed. The more advanced degradation of hemicelluloses by the T. longibrachiatum and T. lanuginosus xylanases, which showed cellulolytic activity, negatively affected the dynamic strength properties of paper.
Pretreatments with the N. patriciarum and T. lanuginosus xylanases caused that the decrease in the mean weighted fibre length and the increase in fines content were relatively small while the T. longibrachiatum xylanase, which was characterized by the relatively high cellulolytic activity, reduced the mean fibre length by almost 400 lm, and enhanced formation of fines (their content increased to 32% while in the reference to 28%).
Reassuming, the best pulp and paper properties were obtained using the xylanases from N. patriciarum and T. lanuginosus, which caused the least changes in the structure of hemicelluloses and cellulose fibres. Pulp pretreatment with these xylanases enabled to reduce duration of refining and increased the static strength properties of paper by above 10%.
